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Changes in gene expression patterns in the ureteric bud and
metanephric mesenchyme in models of kidney development.
Background. In a recent study, the pattern of gene expression
during development of the rat kidney was analyzed using high-
density DNA array technology (Stuart RO, Bush KT, Nigam SK,
Proc Natl Acad Sci USA 98:5649–5654, 2001). This approach,
while shedding light on global patterns of gene expression in
the developing kidney, does not provide insight into the contri-
butions of genes that might be part of the morphogenetic pro-
gram of the ureteric bud (UB) and metanephric mesenchyme
(MM), the two tissues that interact closely during nephron
formation.
Methods. We have now used high-density DNA arrays to-
gether with a double in vitro transcription (dIVT) approach to
examine gene expression patterns in in vitro models for mor-
phogenesis of the rat UB (isolated UB culture) and MM (cocul-
ture with embryonic spinal cord) and compared this data with
patterns of gene expression in the whole embryonic kidney at
different stages of development.
Results. The results indicate that different sets of genes are
expressed in the UB and MM as morphogenesis occurs. The
dIVT data from the in vitro UB and MM culture models was
clustered hierarchically with single IVT data from the whole
embryonic kidney obtained at different stages of development,
and the global patterns of gene expression were remarkably
compatible, supporting the validity of the approach. The po-
tential roles of genes whose expression was associated with the
individual tissues were examined, and several pathways were
identified that could have roles in kidney development. For
example, hepatocyte nuclear factor-6 (HNF-6), a transcription
factor potentially upstream in a pathway leading to the expres-
sion of KSP-cadherin was highly expressed in the UB. Embigin,
a cell adhesion molecule important in cell/extracellular matrix
(ECM) interactions, was also found in the UB and may serve
1Robert O. Stuart and Kevin T. Bush contributed equally to this work.
Received for publication August 19, 2003
and in revised form September 15, 2003
Accepted for publication September 16, 2003
C© 2003 by the International Society of Nephrology
as a Dolichos biflorus binding protein in the kidney. ADAM10,
a disintegrin-metalloprotease involved in Delta-Notch signal-
ing and perhaps Slit–Robo signaling, was also highly expressed
in late UB. Celsr-3, a protein, which along with members of
the Wnt-frizzled transduction cascade, might be involved in the
polarization of the forming nephron, was found to be highly
expressed in differentiating MM. DDR2, a member of the dis-
coidin domain receptor family, which is thought to function in
the activation of matrix metalloproteinase-2 (MMP-2), was also
found to be highly expressed in differentiating MM. It is also in-
teresting to note that almost 10% of the highly expressed genes
in both tissues were associated with neuronal growth and/or
differentiation.
Conclusion. The data presented in this study point to the
power of combining in vitro models of kidney development
with high-density DNA arrays to identify the genes involved
in the morphogenetic process. Clear differences were found
between patterns of genes expressed by the UB and MM at
different stages of morphogenesis, and many of these were as-
sociated with neuronal growth and/or differentiation. Together,
the high-density microarray data not only begin to suggest how
separate genetic programs in the UB and MM orchestrate the
formation of the whole kidney, but also suggest the involve-
ment of heretofore largely unexplored developmental pathways
(involving HNF-6, ADAM-10, Celsr-3, DDR2, and other genes)
in nephrogenesis.
Recently, we examined global changes in gene expres-
sion during various stages of rat kidney development [1].
The data were analyzed using preexisting and custom-
designed software tools (i.e., “The Equalizer”) for
normalization of array expression data. Hierarchical
clustering algorithms revealed five patterns of gene ex-
pression change throughout the course of kidney devel-
opment. Each of these patterns was found to roughly
correspond to a general group of genes. For example,
genes encoding transporters tended to be expressed pri-
marily during the later stages of kidney development,
while genes involved in cell growth were expressed at
their highest levels shortly after the onset of metanephric
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kidney development. Interestingly, genes encoding retro-
transposons were expressed maximally around the time
of birth. In addition, the data were further analyzed
using custom analytic tools to provide a less qualitative
picture of the functional properties of the genes within
each group.
However, while providing insight into global patterns
of gene expression during whole kidney development,
the aforementioned approach does not shed much light
on subsets of genes derived from different embryonic
primordia that are involved in nephron formation. The
mammalian kidney develops as a result of mutual in-
ductive interactions between two primordial embryonic
tissues, the ureteric bud (UB) and metanephric mes-
enchyme (MM). The UB forms the collecting system
of the kidney (collecting ducts to ureteral insertion into
the bladder trigone) while the MM, after undergoing ep-
ithelialization as a result of a mesenchymal-to-epithelial
transformation (MET), becomes the proximal portion of
the nephron (including Bowman’s capsule and continu-
ing to the distal tubule). Thus, it is clear that analyses
of the gene expression in whole kidney provide little in-
sight into changes in gene expression occurring in the
UB as it undergoes growth, branching, and differentia-
tion; similarly, it provides few clues as to the identity of
specific MM genes, particularly those involved in MET,
tubulogenesis, and differentiation of the more prox-
imal nephron. The intimate and mutual nature of
UB-MM interactions, and the amount of tissue re-
quired for standard oligonucleotide-based microarray
(Affymetrix, Santa Clara, CA, USA) analyses, have made
this all the more difficult. However, the recent availability
of in vitro models for isolated UB and MM morphogene-
sis, together with approaches to analyze small quantities
of material using Affymetrix geneChips, has now made
it possible to begin to analyze independently the global
changes in gene expression that may play a role in UB
morphogenesis (growth and branching) and MM mor-
phogenesis (MET and tubulogenesis). Here, we have
employed these approaches and also sought to further
validate the data by comparison with gene expression
data derived from various stages of embryonic kidney de-
velopment. The data suggest candidate genes that both
distinguish UB and MM and also suggest pathways that
are likely to be involved in formation of the nephron from
the UB and MM.
METHODS
Unless otherwise stated, all in vitro cultures were incu-
bated at 37◦C in an atmosphere containing 5% CO2 and
100% humidity. Phase-contrast photomicrographs of the
developing tissues were taken using a Kodak (Eastman
Kodak, Rochester, NY, USA) DC120 digital camera at-
tached to a Nikon (Melville, NY, USA) Eclipse TE300
Inverted microscope.
Isolation of MM and UB
Uteri from timed pregnant Sprague-Dawley rats at day
13 of gestation (day 0 of gestation coincided with appear-
ance of the vaginal plug) were removed and embryos
were dissected free of any surrounding membranes and
tissue. Embryonic kidneys were isolated and incubated in
L-15 media containing 0.1% trypsin and 0.05 U/lL DNase
1 for 15 minutes 37◦C. Trypsinization was stopped by the
addition of fetal bovine serum (FBS) (to a concentra-
tion of 10%) and the UBs and the MM were dissected
free of each other using minutia pins [2–5]. In addition,
pieces of embryonic spinal cord was also dissected free
of surrounding tissues and collected for use in the MM
cultures.
Isolated UB culture
Isolated UBs were suspended within 75 lL of an
extracellular matrix gel [1:1 mixture of growth-factor
reduced Matrigel (Becton-Dickinson, Franklin Lakes,
NJ, USA) and collagen (1 mg/mL type I collagen (Becton-
Dickinson) in a buffer containing 1× Dulbecco’s minimal
essential (DME) media and 20 mmol/L Hepes, pH 7.2)]
applied to the top of a polycarbonate Transwell filter
(Costar, Cambridge, MA) [2]. The Transwells contain-
ing the suspended buds were placed in individual wells
of a 24-well tissue culture dish (Falcon, Lincoln Park,
IL, USA) and cultured with or without growth factors
(R&D Systems, Minneapolis, MN, USA) in 400 lL of
BSN conditioned media [2, 6] supplemented with 10%
FBS (BioWhittaker, Walkersville, MD, USA), 125 ng/mL
rat recombinant glial cell–derived neurotrophic factor
(GDNF), and 375 ng/mL fibroblast growth factor-1
(FGF-1) [2–5]. Cultures were maintained for up to 5 days
and samples were collected for RNA isolation at 0, 1, 3,
and 5 days of culture.
Isolated MM culture
A piece of embryonic spinal cord was applied to the
top of a polycarbonate Transwell filter and isolated mes-
enchymes were placed on the filter in contact with the
embryonic spinal cord. The Transwells containing the
mesenchymes/spinal cords were placed in individual wells
of a 12-well tissue culture dish and cultured in the pres-
ence of DME/F-12 (MediaTech, Herndon, VA, USA)
supplemented with 10% FBS. Cultures were maintained
for up to 120 hours and samples were collected for RNA
isolation at 0, 24, 72, and 120 hours of culture. Spinal cords
were removed from the sample prior to isolation of total
RNA.
GeneChip analysis, RNA isolation, in vitro transcription,
and data mining
At various times of culture, cultured mesenchymes
were separated from the embryonic spinal cord and
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Fig. 1. (A to E) Phase-contrast photomicrographs of isolated ureteric buds (UBs) cultured for 1 to 5 days in BSN-CM supplemented with 10%
fetal calf serum (FCS), 125 ng/mL GDNF, and 250 ng/mL fibroblast growth factor-1 (FGF-1). (F and G) Metanephric mesenchyme (MM) cocultured
for up to 5 days with a piece of embryonic spinal cord (SC) in media supplemented with 10% FCS. (G) Mesenchyme has been induced and the
beginnings of differentiated tubules are evident. (H) Higher magnification of the area enclosed by box in (F). Comma-shaped body is highlighted
by dashed line.
isolated UBs were partially separated from surrounding
extracellular matrix (ECM) gel. As described previously
[1, 2], total RNA was isolated from each tissue using
the Strataprep Total RNA Microprep Kit (Stratagene,
La Jolla, CA, USA). Duplicate samples for each condi-
tion consisting of 100 ng of total RNA were then used for
reverse transcription (RT), second-strand synthesis, and
in vitro transcription (IVT) of cRNA. cRNA from the
first round of IVT was recovered and used as template
in a second round of RT/IVT incorporating biotinylated
nucleotides per Affymetrix protocol producing approx-
imately 80 lg of labeled cRNA. Labeled cRNA probe
(15 lg) was hybridized to Affymetrix Rat Genome U34A
GeneChips, washed, stained, and scanned per standard
Affymetrix protocol. Data were analyzed as previously
described [1, 2], allowing assignment of statistical signif-
icance to observations and filtering for genes with the
greatest relative changes in the context of their baseline
expression.
RESULTS AND DISCUSSION
Because of the intimate nature of UB-MM interactions
in the developing kidney, it has been difficult to identify
specific subsets of genes involved in the formation of kid-
ney tubules that derive from each of these primordial
tissues. In previous studies, cell lines derived from renal
epithelial cells and cell culture models have been used
to identify genes likely to be involved in branching mor-
phogenesis of the UB. For example, utilizing a method
for the generation of codon-optimized statistically de-
signed polymerase chain reaction (PCR) primers com-
bined with differential display (CODD-PCR), we found
that the mammalian ortholog of the Drosophila circa-
dian clock gene, Timeless, was differentially expressed
in three-dimensional cultures of UB cells [7]. In addi-
tion to Timeless, DEBT91 (differentially expressed in
branching tubulogenesis), a putative coiled-coil nuclear
phosphoprotein with zinc finger motifs at the N-terminal–
conserved region, was also found to act as an immediate
early gene up-regulated during growth factor–induced
branching tubulogenesis [8].
Commercially available spotted arrays have also been
used to analyze the pattern of gene expression in three-
dimensional cultures of UB cells in the presence of the
conditioned media elaborated by MM-derived BSN cells
(BSN-CM) [9]. The differential expression of a number
of genes demonstrated the correlation of specific mor-
phologies (i.e., processes, multicellular cords, branching
tubules) with the expression of different genomic subsets
[9]. Although the use of these cell culture systems has
provided insight into changes in gene expression patterns
during branching tubulogenesis, the extent of relevance
of these cell culture systems to in vivo urinary system
development remains a point of debate.
Recently, however, it has become possible to isolate
the UB from the MM and culture it with soluble mes-
enchymally derived factors in an ECM gel for 10 or
more days. This is a very robust system that is supported
by GDNF, a FGF (FGF 1, 2, 7, and 10), and a condi-
tioned medium from a putative MM cell line (BSN cells)
[2, 3], thus allowing one to examine gene expression dur-
ing growth and multiple iterations of branching of the
UB (Fig. 1) [2]. Similarly, the isolated MM can also be
induced to undergo morphogenetic changes in vitro. For
several decades, it has been known that embryonic spinal
cord is an extremely potent inducer of the “MET” in the
MM [10–12]; in fact, spinal cord (SC) appears to be at
least as potent an inducer of tubulogenesis in the MM as
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the UB itself (Fig. 1). More recently, it has become possi-
ble to culture the isolated MM in the presence of soluble
factors [13, 14], although in our limited experience, this
system is not quite as robust as MM/SC coculture and
does not induce as complete a MET as SC or the UB it-
self; thus, for the purpose of this study, we have employed
the MM/SC system together with the isolated UB culture
system.
A major technical problem with each of these culture
systems is the amount of nucleic acid that can be obtained
from small amounts of embryonic tissue, even by skilled
dissection. However, this problem can be circumvented
by a double IVT (dIVT) technique, which can amplify the
signals considerably. For example, utilizing dIVT, we an-
alyzed the expression patterns of cultured isolated UBs
grown in the presence of either FGF-1 or FGF-7 [3]. It
was found that FGF-1–treated UBs displayed modest in-
creases in the expression of genes associated with differ-
entiation of a polarized epithelium, including cytoskeletal
proteins and ECM-related proteins, while FGF-7–treated
UBs displayed a comparable increase in genes involved
in cell growth and proliferation [3]. These data support
the morphologic findings and suggest that differential ef-
fects of the FGFs play important roles in patterning the
developing kidney [3].
Although dIVT is extremely useful for analyzing small
quantities of total RNA, the technique can potentially
add an element of nonlinearity to an already nonlinear
system. However if, as we show here, comparisons with
single IVT are performed, the data can have consider-
able power. Thus, comparison of dIVT data with sin-
gle IVT data from the whole developing kidney lends
considerable confidence to the validity of the dIVT
data. Our approaches to normalization of array data,
as well as the dIVT method, has been previously pub-
lished [1, 3] and additional information is available
at www.organogenesis.ucsd.edu. The previous work and
Web site contained detailed explanations of the data
equalization method (including custom software tools
such as “The Equalizer”), statistical tools used to an-
alyze the “scatter” of the data, and parameters em-
ployed for clustering. In addition, the cited work and
Web site contains a novel data mining tool known as
“eBlot.”
Thus, as with our previous work, we employed these
methods, and a hierarchical clustering algorithm to com-
pare dIVT data from in vitro models for independent
morphogenesis of the UB and MM (iUB and MM/SC)
with a well-analyzed data set from the embryonic rat kid-
ney dissected at various stages in development and be-
yond (newborn, 1 week, and adult) (Fig. 2). Some broad,
but significant, generalizations can be drawn from the
data in Figure 2. Most obviously, the patterns of global
changes in gene expression are very different during MM
differentiation compared with the UB as both become
portions of a differentiated epithelial tubule that will
eventually form a functional nephron. The early whole
embryonic kidney (especially e13-15) expresses genes
common to the MM prior to and after in vitro culture.
As development progresses and leads to birth and matu-
ration, the commonality decreases. Interestingly, the pat-
terns of genes expressed in the isolated UB are more
similar to that seen in the adult kidney than to that
expressed in whole embryonic kidney (Fig. 2). This is
likely due to the epithelial nature of the UB. The tips
of the UB represent a small portion of the cells com-
prising the UB and, based upon ultrastructural data [3],
the stalk portions are becoming a polarized epithelium.
Regardless, and as we have previously observed [1], the
overlap between genes expressed by the early embry-
onic kidney and the adult kidney is modest at best (for
genes that change during development), with an impres-
sive shift in patterns of gene expression occurring at or
near the time of birth. For example, a burst in the expres-
sion of retrotransposons was observed in the developing
kidney immediately after birth. Previously, we speculated
that this was related to the stress of birth and the fact
that the neonate interfaces with a radically different en-
vironment. The retrotransposon burst could be related
to the steroid burst that occurs at roughly around the
same period, and both could conceivably be involved
in the maturation of nephron transport capacity, par-
ticularly gene rearrangements related to the ability to
conserve salt and water and dispose of environmental
toxins/xenobiotics. Regardless, these comparisons begin
to provide a perspective on global changes in gene ex-
pression during branching of the isolated UB and during
MET/tubulogenesis occurring in the induced MM; they
also place this data from in vitro model systems in the
context of the whole developing kidney.
It is somewhat surprising how this method of com-
parisons suggests that there is relatively little overlap
(among dynamic genes) between the MM and UB even
at later stages of epithelial morphogenesis (Fig. 3). Some
of this can probably be explained by development of
nascent nephron segments that will eventually be both
structurally and functionally segmented; this segmenta-
tion is largely dependent upon the expression of unique
sets of genes, including those encoding segment-specific
transporters. Irrespective, using the whole kidney devel-
opment data as a filter through which to examine the
expression of genes in the in vitro models proved useful
in identifying those genes whose expression correlated
most closely with the MM or the UB. Thus, by comparing
the expression of those genes found in the five groups
identified in the whole kidney development data with the
expression of genes specifically in the MM or UB, we were
able to separate a number of genes as being expressed in
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K e13
MM e13
K e15
K e17
K e19
MM 4h sc
MM 6h sc
MM 2h sc
MM 5d sc
MM 3d sc
MM 14h no
MM 14h sc
MM 24h sc
K nb
K wk
K adult
UB e13
UB 1d
UB 3d
UB 5d
UB d10
Fig. 2. Hierarchical clustering of differen-
tially expressed genes from ureteric bud
(UB) and metanephric mesenchyme (MM)
together with genes from whole kidney devel-
opment data. The genes were clustered in two
dimensions according to their gene expres-
sion. Designations on the right side of cluster-
gram refer to the tissue from which the genes
were identified. Abbreviations are: K, kidney;
e13, e15, e17, e19, day of embryonic gesta-
tion; nb, newborn; wk, 1 week postpartum;
sc, spinal cord; no, no spinal cord. Red rep-
resents up-regulated; blue represents down-
regulated.
MM e13
MM 2h sc
MM 4h sc
MM 6h sc
MM 24h sc
MM 3d sc
MM 5d sc
UB e13
UB 1d
UB 3d
UB 5d
UB d10
MM 14h sc
Fig. 3. Hierarchical clustering of differen-
tially expressed genes from ureteric bud (UB)
and metanephric mesenchyme (MM) from
Fig. 2. Whole kidney development data have
been removed to allow for visualization of
differences between MM and UB. Red rep-
resents up-regulated; blue represents down-
regulated.
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either tissue. It should be noted that of the approximately
24,000 mRNA transcripts present on the U34 rat genome
chip set, the U34A chip used in this analysis represents
only about 35% of the total transcripts and that a num-
ber of genes such as certain imprinted genes [15] are not
present on the chip. Regardless, it was found that of the
8741 genes present on the chip, the expression of 740 were
found to highest in the UB, while 624 were most highly
expressed in the MM. This list of 1364 genes includes the
873 genes found to vary significantly during kidney de-
velopment [1], as well as additional genes that were not
identified in the original analysis. This expansion in gene
number is most likely due to an increase in the sensitivity
in detection of those genes expressed in the individual
tissues.
Of the 740 genes found to be more highly expressed in
the UB, 299 were ESTs; of the remaining 441 genes, 210
were more highly expressed in freshly isolated UB, 130
were more highly expressed in UBs cultured for 5 days un-
der branching conditions and 101 were expressed both at
day 0 and day 5. Among the genes most highly expressed
in freshly isolated UB were leukemia inhibitory factor
(LIF), Pax4a, c-fos, c-ros-1, MAP kinase kinase (MKK2),
gelatinase B, type II TGF-b receptor, and entactin (nido-
gen) (Table 1). After 5 days of in vitro culture, the isolated
UB expresses a number of genes that are likely to play a
role in the formation of a tight, polarized epithelium, and
perhaps tubular segmentation/transport, including ezrin,
claudins 3 and 9, connexin 30.3, annexin 2, cytokeratins
14, 18, and 19, aquaporin 3, and CD44 (Table 2). In ad-
dition to these genes, a number of genes were also found
to be highly expressed at both stages of UB develop-
ment examined, including integrin b3, alpha-tubulin, and
MAP kinase kinase kinase-1 (MEKK1), among others
(Table 3).
In the case of the MM, 386 of the 624 genes found to
be more highly expressed in the MM were known, and
the remaining 238 were ESTs. Of these 386 genes, 102
were expressed in both freshly isolated and differentiated
MM, 130 were most highly expressed in freshly isolated
MM and 154 were most highly expressed in differenti-
ated MM. Those genes most highly expressed in freshly
isolated MM included PPAR delta, ERK3, collagen
alpha 1 type II, JAK2, and versican (Table 4). After 5 days
of in vitro culture with SC, the MM expresses a number of
other genes, including FGFR1-beta, tropomyosin, colla-
gen type III alpha 1, lumican, nerve growth factor (NGF),
decorin, fibronectin, tenascin, Delta-3, myosin-RhoGAP,
heregulin, and TOAD-64 (Table 5). In addition to these
genes, a number of genes were also found to be highly
expressed at both stages of MM development examined
(Table 6).
As with other microarray approaches, it is prudent to
confirm any interesting changes in the expression of par-
ticular genes by an independent technique. In separate
Table 1. Representative genes expressed in freshly isolated ureteric
bud (UB) compared to freshly isolated metanephric mesenchyme
(MM)
Fold
Accession # Common gene name difference
S71523 Rlim-1 43.1
M94043 Rab-related GTP-binding protein 23.7
AJ011811 Claudin-9 19.1
S74393 Pax-6 16.2
M64488 Synaptotagmin II 15.1
A09811 BRL-3A binding protein 13.3
AJ011656 Claudin-3 12.5
U39571 Phosphatidylinositol 4-kinase 12.1
U24175 STAT5a1 10.0
J04486 Insulin growth factor binding protein 9.7
M99485 Myelin/oligodendrocyte glycoprotein 8.9
U07560 ELK ligand, LERK-2 8.3
D86345 Leukemia inhibitor factor receptor 8.2
M65251 Angiotensinogen-inducible
enhancer-binding protein
8.0
AF055291 STAT4 7.6
AF050661 Ania-9 7.2
AF098301 Neural F box protein NFB42 6.3
U12184 Putative G protein-coupled receptor 6.1
Y17048 Caldendrin 5.5
U81035 Neurofascin 5.3
X16623 Neuraxin 5.2
M15797 Entactin 4.6
U17254 Immediate early gene transcription
factor-NGFI-B
4.5
AJ011811 Claudin-9 4.5
X81448 Keratin 18 4.5
U30831 Brain/kidney protein 4.4
L19112 Heparin-binding FGF receptor 2 4.2
X06769 c-fos 4.2
AF037199 REST 4.1
D64046 Phosphatidylinositol 3-kinase 4.1
U59809 Insulin-like growth factor II receptor 3.9
M60616 Collagenase 3.9
X56661 Bombesin/GRP receptor 3.8
U49729 rBax-a 3.8
Y14933 HNF-6-b 3.7
M34643 Neurotrophin-3 (HDNF/NT-3) 3.7
U24441 Gelatinase B 3.5
AF053100 Pax4a 3.4
U97142 GFRa1 3.2
U93306 FLK-1 3.1
AJ009698 Embigin 3.0
M87634 BF-1 2.7
S67770 Transforming growth factor-beta
type II
2.7
U48596 MAP kinase kinase kinase 1
(MEKK1)
2.6
X89730 Sry 2.6
U19893 a-actinin 2.6
AB016425 Occludin 2.5
AF000144 Fibroblast growth factor receptor 1 2.5
U59801 Integrin a-M 2.4
L14936 MAP kinase kinase (MKK2) 2.4
S58529 Integrin b3 2.1
S71201 BDNF 2.0
L06482 Retinoid X receptor 1.9
AB010275 LIF 1.9
AF000423 Synaptotagmin XI 1.9
M35104 c-ros-1 1.9
M93661 Notch 2 1.8
AJ003148 GAS-7 1.6
AF042499 Smad7 1.5
AF041082 Robo1 1.5
List of representative genes whose expression in freshly isolated UB was greater
(≥1.5-fold difference) than that in freshly isolated MM.
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Table 2. Representative genes expressed in 5-day cultured ureteric
bud (UB) compared to freshly isolated UB
Fold
Accession # Common gene name difference
U92803 CCR10rR 315.7
L13039 Annexin II 40.9
X81449 Keratin 19 34.2
S77492 BMP-3 14.8
D10666 Neural visinin-like protein (NVP) 12.4
D87248 NB-3 8.4
L28126 GLUT2 8.1
AF039584 DAF 6.7
AF014365 CD44 6.3
U59801 Integrin a-M 6.1
X99470 DAX-1 5.8
D85183 SHPS-1 5.2
Y13413 Fe65L2 5.2
U75398 Krox-24 5.0
U24174 Rattus norvegicus p21 (WAF1) 4.3
D63774 Keratin 14 4.3
L43592 Protocadherin-3 (pcdh3) 4.2
U20110 Synaptotagmin VIII 3.9
M93661 Notch 2 3.9
AB004638 FGF-18 3.9
X76168 Connexin 30.3 3.9
AJ011656 Claudin-3 3.6
D14013 Cyclin C 3.5
D50497 ClC-5 3.5
U16359 Nitric oxide synthase 3.3
L06482 Retinoid X receptor alpha 3.2
M37569 Homeobox protein R6 3.1
AF098301 Neural F box protein NFB42 2.9
X81448 Keratin 18 2.9
X67788 Ezrin 2.9
AJ011811 Claudin-9 2.8
L06986 Zinc finger protein (Gfi-1) 2.8
U50185 Kidney protein phosphatase 1 2.7
AF005099 Neuronal pentraxin receptor 2.6
X06889 Rab3 2.5
Y16563 Brain-specific synapse-associated
protein, Bassoon
2.4
U58279 Mist1 bHLH 2.4
U15098 GluT and GluT-R glutamate
transporter
2.3
S64320 Shal1 2.3
U73142 P38 mitogen activated protein kinase 2.3
Z48444 Disintegrin-metalloprotease,
ADAM10
2.2
D17695 Aquaporin 3 2.1
U83895 Sec7A 2.1
U70268 Mud-7 2.1
D29769 BMP-7 2.1
AJ009698 Embigin 2.1
U49729 Baxa 1.5
List of representative genes whose expression in UB was greater (≥1.5-fold
difference) following 5 days of culture than in freshly isolated UB.
studies, we have confirmed the expression of a number of
the gene products expressed in the UB by either immuno-
cytochemistry or Western blotting; this includes ezrin,
FGFR-1, claudin 3, and occludin (Meyer et al, unpub-
lished observations, 2003). Moreover, much of this ex-
pression data is consistent, or at least compatible, with
current notions of how branching morphogenesis of the
UB and epithelial differentiation (both in the MM dur-
ing MET and tubulogenesis as well as the branching UB)
might occur, and it is not difficult to construct tentative hy-
Table 3. Representative genes expressed in ureteric bud (UB) at
each stage (<1.5-Fold difference)
Fold difference
Accession # Common gene name (UB0 vs. MM0)
M12098 Embryonic sarcomeric myosin heavy
chain
7.8
U12184 Putative G protein-coupled receptor 6.1
U30831 B/K protein 4.4
X80349 p56 4.0
M34643 Neurotrophin-3 (HDNF/NT-3) 3.7
U69109 Calcium-dependent tyrosine kinase 3.0
A07543 SMR1 3.0
U48596 MAP kinase kinase kinase 1
(MEKK1)
2.6
V01227 a-tubulin 2.6
AF082126 Aryl hydrocarbon receptor 2.6
AF030163 Uncoupling protein-3 2.5
L25387 Phosphofructokinase C (PFK-C) 2.4
U49062 Heat sle antigen CD24 2.3
V01217 Cytoplasmic beta-actin 2.3
M31725 Axonal glycoprotein (TAG-1) 2.2
M20406 Cytochrome P450IIB3 2.2
S58529 Integrin-b3 2.1
AF096269 Epsin 2 2.0
U62635 Ribosomal protein L23-related 2.0
AF000423 Synaptotagmin XI 1.9
M60322 Aldose reductase 1.8
S76799 BDNF 1.7
U17254 Immediate early gene transcription
factor NGFI-B
1.7
U14005 Calcium channel alpha-1 1.6
J02852 Cytochrome P450 IIA3 1.6
AJ003148 GAS-7 1.6
AF029109 Mint 3 1.6
AF027506 Potassium-dependent sodium-calcium
exchanger
1.6
AF033027 Prenylated SNARE protein (Ykt6) 1.5
AF042499 Smad7 1.5
X13905 Ras-related rab1B 1.5
X13058 Nuclear oncoprotein p53 1.5
List of representative genes highly expressed in freshly isolated UB, but whose
expression level was relatively constant (≤1.5-fold difference) under tubulogenic
conditions.
potheses about how many of the detected genes might be
involved in some aspect of nephron formation (Table 7).
For example, the hepatocyte nuclear factor-6 (HNF-6)
was found to be highly expressed in the freshly isolated
UB. This transcription factor is known to be expressed in
pancreatic and hepatic diverticulum during development
and in the pancreatic ductal epithelium in late gestation
and in the adult [16]. HNF-6 is known to be essential
for differentiation and morphogenesis of the biliary tract
[17]. Interestingly, although HNF-6 knockout has no re-
ported renal phenotype, in HNF-6 −/− mice HNF-1b
expression was down-regulated, suggesting that HNF-6
expression is upstream of HNF-1b expression [17]. HNF-
1b is expressed from the earliest stages of development
of the Wolffian duct and the metanephros and a num-
ber of studies have found an association between muta-
tions in HNF-1b and the development of renal cysts [18].
In addition, HNF-1b regulates the expression of kidney-
specific cadherin (KSP-cadherin) through its binding to a
consensus recognition site in the promoter region of this
2004 Stuart, Bush, and Nigam: Gene expression patterns in ureteric bud and metanephric mesenchyme
Table 4. Representative genes expressed in freshly isolated
metanephric mesenchyme (MM) compared to freshly isolated ureteric
bud (UB)
Fold
Accession # Common gene name difference
AB010999 PAD-R4 28.9
J02720 Arginase 12.0
U41845 Putative nuclear pore complex protein
(Npap60)
9.7
M59313 Potassium channel Kv3.2c 7.1
U66274 Neuropeptide Y5 receptor (NPYR5) 7.0
X95850 Gene expressed in circadian manner 6.7
J02776 DNA polymerase beta 6.3
AB019576 rTIM 5.9
U23407 CRABP II 5.1
Z38067 c-myc 5.1
X59249 Putative G-protein coupled receptor 5.0
M37941 Adenosine monophosphate deaminase
1
5.0
M94919 b-globin 5.0
M29317 Interferon-c 4.7
AF072892 Versican 4.5
AF084205 Serine/threonine protein kinase
(TAO1)
4.1
L36884 Protein tyrosine phosphatase
(OST-PTP)
4.1
M64301 ERK3 3.7
AF062594 Nucleosome assembly protein 3.7
AJ224879 Collagen a1 type II 3.7
U87971 Syntaxin 5 3.2
X53724 MASH-2 3.2
U03629 Arrestin-D 3.0
AF107727 Sertolin 2.9
M55017 Nucleolin 2.8
U75921 APC binding protein EB1 2.8
Y00766 Brain sodium channel III 2.8
X56541 Membrane-spanning proteoglycan NG2 2.7
AF079864 Putative G-protein coupled receptor
RA1c
2.7
U72353 Lamin B1 2.5
U92564 Olf-1/EBF associated Zn finger protein
Roaz
2.5
U40999 Retinal protein (RRG4) 2.4
AB005549 Atypical PKC-specific binding protein 2.4
J03577 Gastric intrinsic factor 2.4
AJ000557 JAK2 2.3
U69109 Calcium-dependent tyrosine kinase 2.3
M17527 G-ai1 2.3
U11071 Polyadenylate-binding protein-related
protein
2.2
AF072935 Small GTP-binding protein rab5 2.2
U05014 PHAS-I 2.2
U03763 Phospholipase 2.2
L21995 Myelin/oligodendrocyte glycoprotein
(MOG)
2.2
AB010963 Calcium0activated potassium channel
beta
2.1
U54632 Ubiquitin-conjugating enzyme 2.1
X85184 ras-related GTPase, ragB 2.1
AB004329 Acetyl-CoA carboxylase 2.1
M24104 VAMP-1 2.1
U70265 MUD-5 2.0
X73653 Tau protein kinase I 2.0
AB017711 RNA polymerase II 1.9
U15425 Membrane- and
microfilament-associated protein p58
1.8
D86039 ATP-sensitive inwardly rectifying K+
channel [BIR(Kir6.2)]
1.8
U40064 PPAR delta 1.8
AB017170 Slit-1 1.5
List of representative genes whose expression in freshly isolated MM was
greater (≥1.5-fold difference) than in freshly isolated UB.
Table 5. Representative genes expressed in 5-day cultured
metanephric mesenchyme (MM) compared to freshly isolated MM
Fold
Accession # Common gene name difference
X59859 Decorin 28.7
U15550 Tenascin-C 16.8
D14437 Calponin 14.4
D28560 Phosphodiesterase I 14.3
X98564 Neuronal potassium channel 11.1
M31837 IGF-BP3 11.1
L14018 Cart-1 10.5
Z54212 Epithelial membrane protein-1 8.7
AB008908 FHF-4b 8.4
AF045564 Development-related protein 8.1
S54008 FGFR1b 7.9
AJ000557 JAK2 7.2
S90449 Protein phosphatase 2C 7.2
M60666 a-tropomyosin 2 7.2
M31809 Calcineurin A-b 7.2
Z78279 Collagen a1 type I 7.1
M13949 CRBPII 6.2
AF059258 MCT3 6.2
M94537 Cyclic nucleotide phosphodiesterase 5.7
U41453 PKC binding protein and substrate 5.7
U75404 Ssecks 322 5.6
M15883 Clathrin light chain (LCB2) 5.6
D16840 Angiotensin II type 2 receptor 5.6
Z46882 TOAD-64 4.8
D85435 PKC delta-binding protein 3.8
U10699 G-protein coupled receptor pH218 3.6
E12625 Novel protein expressed with nerve
injury
3.5
AJ012603 TNF-alpha converting enzyme
(TACE)
3.4
M16410 Neurokinin B precursor 3.4
AB011531 MEGF5 3.4
M21770 Asialoglycoprotein receptor 3.1
U03491 TGF-b3 3.0
U82612 Fibronectin 3.0
AF033109 Syntaxin 8 2.9
M83676 RAB12 2.9
D63673 Peroxisome assembly factor-2, 2.8
AJ006855 Synaptojanin 2.8
U09243 GIRK1/KGA inwardly rectifying
potassium channel
2.7
Z83869 MARK2 2.7
M91590 b-arrestin2 2.6
X70369 Pro-a1 collagen type III 2.5
U02322 Neu differentiation factor (Heregulin) 2.5
AF016247 RTK40 homolog, Tyro10 2.5
X06564 NCAM 2.3
D42148 Growth potentiating factor 2.3
AF084576 Delta 3 2.3
X84039 Lumican 2.2
M21354 Collagen type III a-1 2.2
AJ001713 Myosin-RhoGAP 2.0
X02412 a-tropomyosin 1.8
U83666 Cell cycle checkpoint protein kinase
Bub1
1.8
U90312 Synaptojanin II 1.8
D12516 HES-5 1.8
E03082 NGF 1.5
List of representative genes whose expression in MM was greater (≥1.5-fold
difference) following 5 days of culture than in freshly isolated MM.
gene [19]. KSP-cadherin has been shown to be ex-
pressed exclusively on the basolateral membranes of
epithelial cells in the more highly differentiated regions
of the expanding ureteric duct in the neonatal rabbit
kidney [20]. Taken together, these findings suggest that
Stuart, Bush, and Nigam: Gene expression patterns in ureteric bud and metanephric mesenchyme 2005
Table 6. Representative genes expressed in metanephric
mesenchyme (MM) at each stage (<1.5-fold difference MM0 vs.
MM5)
Fold difference
Accession # Common gene name (MM0 vs. UB0)
U13895 MSS1 14.7
X17012 IGFII II 7.8
L35921 GTP-binding protein gamma subunit 6.1
AF050214 Type I pro-alpha-2 collagen-like 5.9
AF020046 Integrin alpha E2 4.9
U76714 CAR1 4.6
U62667 Stanniocalcin 4.4
D00753 Contrapsin-like protease inhibitor
related protein
4.2
X74226 LL5 3.6
X13933 Calmodulin 3.5
S75359 Bone morphogenetic protein type IA
receptor
3.1
M69246 Collagen-binding protein (gp46) 2.9
X65454 SC65 synaptonemal complex protein 2.9
U59809 Mannose 6-phosphate/insulin-like
growth factor II receptor
2.8
D64061 Annexin V-binding protein (ABP-7) 2.8
M34384 Nestin 2.5
X65747 Gnat-3 mRNA for gustducin 2.5
M34643 Neurotrophin-3 2.2
U77931 RNU77931 Rattus norvegicus
unknown mRNA
2.1
X58200 RRRPL23 Rat mRNA for ribosomal
protein L23
2.1
E01534 DNA sequence expressed especially
in rat insulinoma
2.0
X52733 RRRPL27A Rat mRNA for
ribosomal protein L27a
2.0
M95735 Syntaxin B 2.0
J02780 Tropmyosin (TM-4) 1.9
M34331 60S ribosomal subunit protein L35 1.9
D38380 Transferrin 1.8
D38450 G protein coupled receptor 1.6
M83196 Microtubule-associated protein 1A
MAP1A (Mtap-1)
1.6
U13176 Ubiquitin conjugating enzyme
(E217kB)
1.6
AF081144 CL1AA 1.6
X68283 Ribosomal protein L29 1.5
M36453 Inhibin alpha 1.5
M75281 Cystatin S (CysS) 1.5
AF089825 Activin beta E 1.5
D13623 P34 1.5
List of representative genes highly expressed in freshly isolated MM, but whose
expression level was relatively constant (≤1.5-fold difference) after 5 days of in
vitro culture.
HNF-6 might play a role in the growth and development
of the UB through its action as an upstream regulator of
HNF-1b and kidney-specific cadherin expression.
UBs cultured for 5 days have undergone extensive
branching morphogenesis with multiple branching tubu-
lar structures (Fig. 1). Among the many genes highly ex-
pressed in the day 5 UB was a gene encoding a highly
glycosylated transmembrane glycoprotein known as em-
bigin. Embigin is a developmentally expressed protein
belonging to the immunoglobulin superfamily class of cell
adhesion molecules and is thought to regulate cell/ECM
interactions during development [21]. Interestingly, dur-
ing development of the prostate gland, increased ex-
Table 7. Potential pathways identified from expression pattern
Expression
Gene pattern Potential pathway
HNF-6 Ureteric bud Upstream of HNF-1b
Embigin Ureteric bud Potential Dolichus binding protein in
kidney
ADAM10 Ureteric bud Delta-Notch signaling; Slit–Robo
signaling
MEGF5 Metanephric Celsr/Flamingo signaling; Planar cell
polaritymesenchyme
Tyro10/DDR2 Metanephric ECM signaling; MMP Expression
mesenchyme
pression of embigin is correlated with the appearance
of highly organized luminal and ductal structures [21].
After 5 days of culture, the stalk portion of the UB be-
gins to differentiate into tubular structures with polarized
epithelial cells lining a clear lumen [3]. Thus, it is pos-
sible that embigin is functioning in the UB to regulate
the cell/ECM interactions taking place during develop-
ment. It is also interesting to note that the expression
of embigin correlated with the expression of Dolichos
biflorus agglutinin binding sites during mouse embryo-
genesis [22]. Since Dolichos biflorus staining is a specific
indicator of UB and its derived structures, this raises the
intriguing possibility that embigin might be a Dolichos
biflorus binding protein in the UB.
High expression of the disintegrin-metalloproteinase,
ADAM10, was also observed in the day 5 UB (Table 2).
ADAM10, the mammalian homologue of Drosophila
kuzbanian, is an integral membrane metalloprotease
that controls Notch signaling [23]. It is interesting to
note that while ADAM metalloproteinases are expressed
in the adult kidney [24], the developmental expression
and function of the ADAMs are virtually unknown.
ADAM10 cleaves Delta and Notch proteins and pro-
motes activation of Delta-Notch signaling [25]. Since
Notch2 is also found to be highly expressed in the day 5
UB and Delta3 is found in differentiated MM, it is possi-
ble that ADAM10 is playing a role in Notch-Delta signal-
ing during metanephric kidney development. However,
it is thought that ADAM10 may also participate in the
function of Slit-Robo complexes [26]. The Slit-Robo com-
plexes mediate a repulsive guidance system involved in
axonal guidance in Drosophila [27]. Slit and Robo genes
have been cloned in mammals and are expressed in the
kidney, as well as in the central nervous system and other
developing tissues [28, 29]. Interestingly, Robo1 is also ex-
pressed in the UB, while Slit genes are found in the MM.
Thus, in addition to its potential role in Notch signaling,
it is also possible that ADAM10 is involved in the mod-
ulation of Slit–Robo complexes and thus in regulating
developmental events during nephrogenesis. It is also
interesting to note that the Slit proteins are func-
tional ligands of glypican-1 [30]. The glypicans, in par-
ticular glypican-3, play an important role in kidney
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development. Taken together, this suggests that the Slit
proteins, together with Robo, ADAM10, and the glypi-
cans might function in the molecular signaling involved
in the development of the mammalian kidney.
In differentiated MM, high expression of MEGF5 is
observed (Table 5). Some of the MEGFs have been
shown to be members of the Celsr [cadherin, epidermal
growth factor (EGF)-like, LAG-like, and seven-pass re-
ceptor] family of proteins and MEGF2 is also known as
Celsr-3 [31]. Celsr genes encode proteins of the cadherin
superfamily and are also known as flamingo (Fmi) genes
[31]. Celsr3 is detectable in mesenchymal cells of the kid-
ney, but only after these cells have undergone MET [32],
which is true of the MM after 5 days of culture in the
presence of SC. Celsr controls planar cell polarity (PCP)
in epithelia with other core members of the PCP signal-
ing pathway, a Wnt-frizzled signal transduction cascade
[32]. It is thought that Wnt-frizzled interactions also form
the basis of the requirement for cell-cell contact between
MM and inducer tissue (SC) in early organ culture experi-
ments [33]. It has also been shown that Wnt-4 is expressed
in developing kidney and may initiate differentiation of
the MM in the developing kidney [34]. Taken together,
this suggests a role for Celsr and the Wnt-frizzled path-
way in the polarization of the forming nephron.
Another interesting gene that is highly expressed in
the differentiating MM is the Tyro-10 receptor tyrosine
kinase (Table 5). The kinase domain of Tyro-10 is related
to the equivalent domains of the Trks, a family of three
receptor tyrosine kinases that regulate cell survival,
proliferation, as well as axon and dendrite growth in de-
veloping neuronal cells [35]. The Trk receptor signaling
activates several small G proteins, including Ras, Rap-1,
and the Cdc-42-Rac-Rho family, as well as pathways
regulated by mitogen-activated protein (MAP) kinase,
phosphatidylinositol 3 (PI-3) kinase and phospholipase
C (PLC) gamma [35]. However, the extracellular binding
domain of Tryo-10 is not structurally related to similar
domains on the Trks (which bind the neurotrophins, NGF,
BDNF, NT3, and NT4), but rather its structural features
are more closely related to discoidin domain receptor
(DDR) family of receptor tyrosine kinases (RTKs)
[35, 36]. In fact, a search of the NCBI database with
the coding sequence for Tyro-10 indicates that this gene
is actually the rat homologue of DDR2. The DDRs
constitute a unique family of RTKs in that they are
activated by the binding to collagen [37–39]. The DDRs
have been shown to be widely expressed in a variety
of human and mouse tissues, including lung and kidney
[36, 40, 41]. However DDR1 is expressed primarily in
epithelial tissues, while DDR2 is found in mesenchymal
cells [40]. Female mice with null mutations in DDR1,
in addition to a reduced litter size due to defects in
blastocyst implantation, are unable to lactate [42].
Interestingly, the lactational defect appears to be caused,
at least in part, by abnormal branching of the mammary
ducts and suggest that DDR1 is a key mediator of the
stromal-epithelial interaction during mammary gland
ductal morphogenesis [42]. DDR2 −/− mice exhibit
dwarfism and shortening of the long bones [43]. The
authors do not discuss any other defects in these mice,
although it is suggested that DDR2 acts as an ECM
sensor to modulate cell proliferation [43]. DDR2 has also
been shown to play a role in the transcriptional acti-
vation of the matrix metalloproteinase-2 (MMP-2)
[44, 45]. MMP-2 is found in the developing kidney and is
expressed in the mesenchyme [46, 47]. Moreover,
MMP-2, together with its activator MT-1-MMP
(membrane-type MMP) and its inhibitor tissue-inhibitor
metalloproteinase (TIMP-2), mediate paracrine/
juxtacrine epithelial:mesenchymal interactions that
modulate kidney development [47]. Taken together, the
expression of DDR2 in the developing mesenchyme
suggests that it is part of a signal transduction pathway
involving binding to collagen and leading to MMP-2
expression.
Perhaps the most interesting observation is the
preponderance of genes associated with neuronal differ-
entiation, neurite outgrowth, axonal guidance, and synap-
tic vesicles. In fact, of the 827 known genes that were
found to be highly expressed in these tissues, almost 10%
or 73 of them can be associated with neuronal growth
and/or differentiation (Tables 1 to 6). These genes include
caldendrin, a calcium-binding protein originally localized
to the somato-dendritic cytoskeleton [48]; the growth-
arrest-specific (GAS) gene, GAS7, a protein involved in
the assembly of actin and is required for neurite out-
growth in cerebellar neurons [49]; TOAD-64, a gene with
homology to the C. elegans unc-33 gene, and is thought
to play a central role in the machinery underlying axonal
outgrowth and pathfinding [50]; and NFB42, a neural F
box protein which might play a role in maintaining neu-
rons in the postmitotic state [51]. This is just a short list
of the neuronal genes expressed in the developing kid-
ney. Perhaps it is not totally unexpected that such genes
might play a role in kidney development, since GDNF is
such a critical factor in the outgrowth and morphogenesis
of the UB. We have also demonstrated that pleiotrophin
is a protein produced by the mesenchyme which plays
a role in UB branching morphogenesis [4]. Pleiotrophin
was originally identified through its role in neurite out-
growth and axonal guidance. Taken together, this data
would appear to suggest the existence of a pattern of
gene expression common to the developing nervous sys-
tem and the developing kidney.
The data presented in this study point to the power of
combining in vitro models of kidney development with
high-density DNA arrays to identify the genes involved
in the morphogenetic process. This allows for the identi-
fication of gene expression patterns characteristic of the
Stuart, Bush, and Nigam: Gene expression patterns in ureteric bud and metanephric mesenchyme 2007
individual tissues that form the kidney (i.e., UB and MM).
However, it is also clear that an even finer level of anal-
ysis is necessary in order to completely understand the
process. For example, the UB, although a single structure
distinct from the MM, is clearly not composed of a homo-
geneous population of cells; the cells forming the ampulla
of the UB are fundamentally different from the cells of
the stalk. By the same token, the differentiating MM is
also composed of a number of cell types at different lev-
els of differentiation. Therefore, in order to identify those
differences, it will be necessary to isolate the cells from
each portion and analyze the gene expression patterns in
different development contexts.
Ultimately array data must be integrated into a concep-
tual model of genetic circuits involved in kidney devel-
opment. Consider the various stages of branching. Con-
ceivably, there are as many stages in branching as there
are steps in the process. In the kidney, this would amount
to 15 to 20 steps. If one further divides each step, one
could imagine many more stages, especially as large scale
array studies of in vitro models of UB branching gener-
ate more and more data. However, this proliferation of
stages would not enhance our understanding much more
than considering branching as a single process. In order
to build a useful model, it is helpful to arrive at a rea-
sonable number of stages that can be correlated with the
behavior of differentiating cells as well as the formation
and dissolution of genetic circuits as one stage advances
to the next. Of course, such a model must, in the end,
have some predictive value.
A reasonable starting point might be to conceive of
collecting system development as consisting of four ba-
sic stages: the outgrowth of the UB from the Wolffian
duct (stage 1); early rapid branching of the UB (stage 2);
a slowing down of the branching process (stage 3); and
the end of branching and completion of differentiation
together with maintenance of this differentiated tubule
(stage 4). One could argue for unifying stages 2 and 3
into a single stage, but this obscures the important in vitro
observation that early branching seems to be driven by
a feed-forward mechanism (stage 2), whereas later this
feed-forward mechanism yields to a feedback mechanism
(stage 3). Finally, the fourth stage requires a mechanism
to enforce the cessation of branching and yet maintain
differentiation, including calibration of tubular diameter.
In addition, both the clinical experience of nephrologists
as well as animal studies suggest that this fourth stage
is much more plastic than at first it might seem. In the
setting of severe acute injury, the kidney can regenerate
itself, in part by expressing high levels of morphogenetic
gene products that are highly expressed during kidney
development but not in the adult kidney under basal con-
ditions (in essence, recovery from this injured state can
be considered a fifth stage of development). In vitro stud-
ies suggest that the growth factor-matrix context is key to
switching from one stage to the next. The specific “switch-
ing” growth factors (6DNF in stage 1; pleiotrophin, an
FGF and GDNF in stage 2) are beginning to be identified,
but how that interacts with heparan sulfate proteoglycans
in the context of other matrix and mesenchyme surface
molecules is a major question. Likewise, how the feed
forward mechanism (stage 2) transitions to a feedback
and stop mechanism (stages 3 and 4) is unknown, though
again, a change in growth factor-matrix composition and
interactions is likely to play a pivotal role. Array exper-
iments will greatly facilitate our understanding of what
sets of genes are required for the movement through each
stage.
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